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Project Objectives l
This project is focused on elucidating the principal biogeochemical reactions that

ILL Reactivity of Mn(III/LV) Oxides

govern the concentrations, chemical speciation, and distribution of the redox sensitive
contaminants uranium (U) and technetium (Tc) between the aqueous and solid phases. o Oxidation of Biogenic Uraninite ((U™,U"' 0305 by Mn Oxides
The research is designed to provide new insights into the under-explored areas of Background
competing geochemical and microbiological oxidation-reduction reactions that govern = | e 30 NHCO, 39 COn ———
the fate and transport of redox sensitive contaminants and to generate fundamental - o n: UVD)
scientific understanding of the identity and stoichiometry of competing microbial i
reduction and geochemical oxidation reactions. These goals and objectives are met Measured Pseudo 1 Order k (h)
through a series of hypothesis-driven tasks that focus on (1) the use of well-characterized Mineral Predicted | (+1std error) | (&1 std error) (& 1 std error)
microorganisms and synthetic and natural mineral oxidants, (2) advanced spectroscopic - 3 Hausmannite (Mn,0,) 273 = 122 00242 0.002
and microscopic techniques to monitor redox transformations of U and Te, and (3) the s
use of flow-through experiments to more closely approximate groundwater Manganite (1-MaOOH) 182 1932025 |14zl 0.02520.004
nments. The results are providing an improved understanding and predictive
<apebilty.of e mechanisms tia governth sedox dynamics of adiomclides Bixbyite (Mn,0,) 175 1785004 1542 0.0190.002
subsurface environments. For purposes of this poster, the results are divided into three
sections: I. influence of Ca on U(VI) bioreduction; I1. localization of biogenic UO, and HMO (MnO, ) 0.94 0.86£0.15 2.1409% 0.025 £ 0.004%
TeO,; and I11. reactivity of Mn(III/IV) oxides.
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Backeround *Autocatalytic reaction — see Figure 9 below
Defense related activities have resulted in vast arcas of U and Tc contaminated TEM images of unstained thin sections from . putrefaciens CN32 cells incubated with H and
soils and groundwater across the DOE complex. Oxidized uranium (V1) and Te(VII) U(VI) in bicarbonate buffer in the absence of Mn oxides illustrating the of U(IV) y
have relatively high solubilitics but are readily reduced by a varicty of metal reducing and in the periplasm (a) and after staining with uranyl acetate to mor clearly reveal cell
bacteria (MRB) under anoxic conditions to U(IV) and Te(IV) with subsequent CN32 incubated with H, and U(VI) in the presence of bixbyite (Mn,0) (c) or bimessite (3-MnO,) (d) ‘Oxidation of Uraninite by y-Wn0; (@ (b) prodictedsiope |
precipitation of uraninite U(IV)O, or hydrous TcO,. The low solubility of these hydrous exhibited an n}mncc of fine-grained cxnncellulm u0~ © and accumulation of UO2 almost exclusively in the - e Py
oxides makes bioremediation an attractive option for removing U and Tc from periplasm (e, son et al. 2 tha in the periplasm can protect 0+ patno, > Measured sope 2
1+ pan0, -
contaminated groundwater. U0, against oxldmmn by Mn(IV). \
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i Figure 8: Oxidation of biogenic uraninite by y-MnO,. (a) the data are described well by a pseudo-first order
i Figure 5: SEM micrographs of an unstained whole mount of MR-1 following incubation with 250 gM  production curve (pink line). The observed lack of production of U(VI) in no Mn oxide controls confirms the
H uranyl acetate and 10 cc of H, for 48 h (A) and high resolution TEM image of extracellular UO, exclusion of oxygen from the experimental system (biogenic uraninite contained ~10% U(VI)). (b) Measured ratio of
fl wogom,.| vogco® nanoparticles (BY: the inset SAED pattern is consistent with previous patterns of biogenic and synthetic  Mn to U(VI) produced agreed well with the ratio predicted based on the independently measured oxidation state of U
v RaN oo, UO,. Upon close inspection of the cell surface, electron dense spots (U) are regularly distributed over and Mn in the original solids. (data points and error bars represent the mean = 1 std error).
— the cell surface and are surrounded by ring-shaped structures (arrow in C, D).
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Figure 1: Predicted U(VI) aqueous species distribution neglecting (a) and Aninsertions] fiufant = : @ ®
component of the type If protein secretion =
including (b) the Ca-UO,-CO; complexes. Consideration of the ternary species
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results in a major shift in aqueom ipecxei distribution starting at pH values > 5. 2 _
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23 secretion (T2S) pathway is present in the e D Figure 9: Oxidation of biogenic uraninite by hydrous manganese oxide. Aa) ‘The production of U(VI) exhibits
o R ootz s s e genome of S. oneidensis MR-1 From Sandkvist M. Mo, Microbol 2001, 40(2)271-280. characteristics of an autocatalytic reaction. The initial rate is slower than at intermediate times when a catalytic
oy o e e (uo s consumed. (b) Close-up view of early
FU R o "sb time data. Daa points and error bars are the mean % 1, ine is fitted autocatalytic kinetic model.
re 2: (2) XAFS (k) - k data for Ca-containing base solution. (b) Magnitude i C
of the Fourier transform of the data shown in 2a (open circles) and best-fit model
(thick line). Data processed with Ak = 3.3-9.3 A", AR =0.9-4.0 A, and a z
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«! o Figure 6: TEM micrographs of thin sections prepared from cell suspensions incubated with 250 uM uranyl acetate
0 and 10 cc of H, and then fixed, dehydrated, embedded, and sectioned under an inert atmosphere. Sections are from
B MR-1 cells incubated for 8 (A) and 48 (B) h and GSPD incubated for 48 h (C) and high magnification images of the
- GSPD cell envelope (D). Note the accumulation of UO, extemal to the cell in MR-1 in association with fiber-like . \ conrro Bt
@ § features and the lack of these features in GSPD a heavy accumulation in the periplasm. e Bl
S putacins N2+, § omm
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00 Figure 7: TEM micrographs of thin sections =L me hours) tme hrs)
prepared from cel suspensions incubated with
Figure 10: (a) The anacrobic pre-reduction of y-MnO, with bioreduced AH,DS significantly increases the rate of

250 1M NH,TcO, and 10 cc of H, and then
fixed. dehydrated, embedded, and sectioned
under an inert aumosphere. Sections are from o - —
MR-1 (A, B, C) and GSPD (D, E, F) cells . E —. =2 ( -
incubated for 5 d. Note the accumulation of
TeO, outside the periplasm in MR-1 and in the

_—
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Figure 3: Reduction of U(VI) by S. putrefuciens CN32 in the absence and
presence of Ca followed by the addition of 0.5 mM fumarate as an electron
acceptor. Fumarate was rapidly removed from treatments with lactate

indicating cells in the presence and absence of Ca were equally active. periplasm in GSPD.

U(IV) oxidation. The initial rate of U(VI) production exhibits a first-order dependence on the concentration of
AH,DS (inset to panel (a)). The mechanism for the enhanced rate is presently unclear; pre-treatment with an
equivalent amount of Mn(IT) has no impact on the rate of oxidation (controls receiving anaerobic water show no
U(VI) production confirming anaerobic conditions). (b) However, anaerobic pre-treatment with cell-free buffer used
1o harvest and re-suspend cultured cells that contains no AH,DS results in a significant increase in the rate of U(VI)
production.

Key Finding:
+ Reduction of U(VI) by MR-1 results in ion of UO, i nm),
some in association with fiber-like structures (see Y.A. Gorby poster)

st e S ke GERD et G LY g peﬂplasm -na at the OM surface.
[Note: T. DiChristina has shown that a gspE mut

In MR-1, TcO, accumulated outside of the OM sa32 nm particles in pnlches 20-30 nm in
diameter. In GSPD, TcO, accumulated in the periplasm and as mushroom-shaped structures on
the OM.

The gspD mutant may be unable to export reduced nanoparticles form the periplasm, unable to
secrete metal-reducing proteins to the cell surface, or both.

These results have implications for the fate and long-term stability of bioreduced contaminants.

Key Findings:

e e hamml (Shewanella, Geobacter,
Desulfovibrio) U reduction but did not impact Tc or fumarate
reduction.

XAFS analyses indicated a structure consistent with a Ca-UO,~
€O, complex.

10,-CO, is proposed to be a less energetics
acceptor than other common U(VI) complexes.

Ca concentrations at the ORNL FRC range from 1-300 mM and
hence could impact U bioreduction at this site.
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Key Findings:
Mn(III/IV) oxides rapidly and completely oxidize biogenic urani
Mn(II) oxides sustain a faster initial rate of U(VI) production than Mn(IV) oxides when compared
on an equal surface area basis.

‘The production of U(VI) in the presence of amorphous MnO, exhibits autocatalytic behavior, in
‘which the rate of U(IV) oxidation increases at intermediate times and slows as U(IV) is consumed.
Pre-reduction of 7-MnO2 with bioreduced AH2DS or pretreatment with cell free resuspension
buffer rcsult! ina slgmfcanllv faster i orun) oxidation.

These re ign tion with respect to the long-term immobilization
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